The distribution of pyrimidine oligodeoxynucleotide clusters in L and H strands of Bacillus subtilis DNA separated by methylated albumin-Kieselguhr has been determined. Preparations of native and singlestranded DNA were degraded with diphenylamine in formic acid, and the released isostichs with the general formula of PyPn+1 were separated on DEAE-cellulose by chain length. Eleven isostichs were obtained for strands L and H in unequal proportions. Each isostich fraction was subfractionated by base composition on DEAE-cellulose at pH 3.0. 61 Pyrimidine oligonucleotide clusters were separated from the H strand and only 46 from the L strand. The findings show a higher degree of asymmetry between the strands in the distribution of cytosine-rich clusters as compared with thymine-rich clusters. The longest cytosine oligodeoxynucleotide present in both strands is of chain length 5. There is an unusually high distribution of thymine oligodeoxynucleotides of length 5-11. Up to chain length 6, the distribution of thymine oligodeoxynucleotides between the strands is about equal; from chain length 7 to 11 they occur predominantly in the H strand.
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Direct chemical analyses (1) and nucleotide composition of RNA transcripts synthesized in vitro show that complementary strands of DNA from bacteria exhibit various degrees of chemical asymmetry, namely, that the L strand is purine-rich and the H strand is pyrimidine-rich. For example, Bacillus subtilis DNA represents a type in which the chemical asymmetry between the strands involves both purines and pyrimidines, while in Escherichia coli, the asymmetry is limited to only guanine and cytosine. Studies on in vivo transcription patterns of these bacteria (3, 4) show that the extent of asymmetric transcription can be correlated with the degree of bias in the distribution of purines and pyrimidines between the complementary strands. In B. subtilis, 85-90% of the messenger RNA (mRNA) and all the stable RNA components [ribosomal RNA (rRNA) and transfer RNA (tRNA)] are transcribed from the pyrimidine-rich H strand; in E. coli, the bias in transcription pattern is more limited, namely, 30-35% of mRNA and 30% of tRNA are transcribed from the purine-rich L strand (3, 4) . It has been proposed that pyrimidine-rich clusters (particularly oligocytidylate sequences) may act as some sort of recognition sites involved in strand selection for asymmetric transcription by RNA polymerase (5) . We were interested in ascertaining whether cytosine residues are indeed more frequently clustered in the H strands of microbial DNAs. Earlier investigations of the distribution of pyrimidine isostichs in native microbial DNA preparations demonstrated that oligocytidylate sequences of length 4 or 5 are very scarce, whereas oligothymidylate sequences are found in amounts often exceeding random predictions (6) .
In this paper, we present the distribution of pyrimidine oligonucleotide clusters in complementary chains of B. subtilis DNA using methylated albumin-Kieselguhr (MAK) columns for separation of the strands (8) . The method of chemical depurination by a solution of diphenylamine in formic acid (7) , which is specific and quantitative for release of pyrimidine oligonucleotides from separated strands of DNA, was used, coupled with improved analytical procedures described recently (9, 10) . The main questions answered in this work concern the absence of long oligocytidylate sequences in the H strand and the presence of very long oligothymidylate clusters that exceed random expectations. Up to oligothymidylate of chain length 6, the distribution between the strands is about equal; from chain length 7-11, oligothymidylate sequences occur predominantly in the H strand. Furthermore, there is a higher degree of asymmetry between the strands in the distribution of cytosine-rich clusters as compared with thymine-rich clusters. We shall later report the distribution of pyrimidine oligonucleotides in the complementary strands of E. coli DNA.
MATERIALS AND METHODS
Preparation of 32P-Labeled DNA. DNA was prepared from wild-type B. subtilis W23SrErMR (resistant to streptomycin, erythromycin, and micrococcin) grown in a low-phosphate minimal medium (11) containing 5 mM Tris in which the phosphate content was reduced to 0.4 mM, supplemented with 0.5% glucose and 1% glutamate. As soon as the cells entered logarithmic growth, 6.7 0Ci [32P]orthophosphate per ml (New England Nuclear) was added, and the culture was incubated at 370 until bacterial growth reached stationary phase. DNA was prepared by a modification (12) of the Marmur procedure (13) . The specific activity of the purified DNA in four separate preparations ranged from 1.7 to 2.2 X 105 dpm/,ug. Pyrimidine cluster analysis of native DNA was done only after a further purification on a hydroxyapatite column prepared according to Miyazawa and Thomas (14) . To such a column (1.3 X 5.5 cm) equilibrated with 1 mM potassium phosphate buffer (pH 6.8), 0.5 mg of 32P-labeled DNA was applied. DNA was eluted in two steps, first with 0.12 M followed by 1.0 M potassium phosphate buffer, the latter fraction containing native DNA devoid of radioactive phosphorylated contaminants.
Strand Separation. Fractionation of the L and H strands, after alkali denaturation, by chromatography on MAK columns has been described in detail (1, 8 Fig. 1 ). Native DNA and fractionated L and H strands were dialyzed exhaustively against distilled water before pyrimidine cluster analysis.
DNA Degradation and Oligonucleotide Separation, Identification, and Quantitation. Dialyzed 32P-labeled native DNA and L and H strands (0.25-0.45 mg) were hydrolyzed in formic acid-diphenylamine by the slightly modified procedure (15) of Burton and Petersen (7) . Equal amounts (140 mg) of hydrolysate of calf-thymus DNA were added as carrier to each of the radioactive samples. In earlier experiments, 40-80 mg of carrier DNA were mixed with the labeled sample and hydrolyzed simultaneously. Diphenylamine and formic acid were removed as described by Spencer et at. (15) with the addition of three ether extractions after the pH of the hydrolysate reached 3.7. The hydrolysates were fractionated by chain length (n) on DEAE-cellulose at pH 5.5 in 7 M urea (see Fig. 2 ) following the techniques of Petersen and Reeves (16) and 6erny3 et al. (17) . Each isostich fraction with the general formula of PynPn+l was subfractionated on DEAE-cellulose at pH 3.0 by the procedures mentioned above (16, 17) . Individual oligonucleotides separated according to base composition were identified from the position of the absorbance peaks in the elution pattern of the carrier DNA and from their UV spectral ratios (18) . For quantitation of the individual radioactive oligonucleotides, the fractions corresponding to each component were pooled, the volume was measured, and 0.81-ml samples were mixed with scintillation mixture (19) and counted in a liquid scintillation spectrometer (Tri-Carb, Packard Instrument). The counts per minute were converted to disintegrations/min, and the resuits were expressed as mol pyrimidine per 100 g-atom DNA phosphorus with respect to the initial amount of DNA used. recorded by a continuous-flow ultraviolet monitor (ISCO UV analyzer). Fractions of 10 ml were collected, and 0.81-ml samples were mixed with 3.0 ml scintillation mixture (19) and counted.
Pyrimidine Oligonucleotides in B. subtilis DNA matographic profiles show a disparity in the relative distribution of radioactivity between the strands. In isostich 1-3, the relative amount of radioactivity in the L strand was higher than expected, whereas, from isostich 4-11 the trend was clearly reversed (see Fig. 2 ). The quantitative analyses of these fractionations, summarized in Table 1 , further establish this disparity. As shown in Table 1 , the isostich distribution ratio of H/L gradually increased and did not correspond to the overall pyrimidine ratio of H/L = 1.14 determined in the intact strands (see legend of Fig. 1 ). The change in the isostich distribution ratio of H/L indicates that the bias between the strands is not uniform. Short isostichs of length 1-3 are relatively more comm6n in the L strand. From isostich 4, there occurs a drastic increase in the number of long isostichs (particularly of length 9-11) in the H strand.
The overall phosphorus balance shows that recoveries were higher than 95%, and the amounts of released inorganic phosphorus from the strands were unequal ( Table 1 ). The orthophosphate originates from degradation of the multiple purine sequences. As expected, the purine-rich L strand released more inorganic phosphorus than the pyrimidine-rich H strand (Table 1) . Finally, (20) . In order to assess the degree of asymmetry between the strands, we also include the individual component ratio of H/L, which should be compared to the overall pyrimidine ratio of H/L = 1.14 in the intact strands. As shown in Table 2 , 6k different nonisomeric pyrimidine oligonucleotides were characterized in the H strand and only 46 in the L strand. Up to isostich 5, all the theoretically possible pyrimidine oligonucleotides were present in both strands. From isostich 6-9, the missing components in both strands were consistently oligocytidylate sequences and cytosine-rich clusters. Oligonucleotides of length 10 and 11 were characterized and quantitated only in the H strand and not in the L strand. We were unable to separate chromatographically components of isostichs 10 and 11 in the L strand with the amounts of radioactivity used in these investigations. Nevertheless, we assume that a few components, particularly of isostich 10, may be present in minute quantities in the L strand. This assumption is based on the total amounts, in mol, of pyrimidine phosphorus, which were 0.28 and 0.009 for isostichs 10 and 11, respectively (see Table 1 ). Finally, summations of the numbers of oligonucleotides in strands L + H in the last column of Table 2 agree well with the numbers determined directly in native B. subtilis DNA.
The results in Table 2 indicate that the asymmetry between the strands is not of a uniform nature, but rather, the bias has certain peculiarities. First, as mentioned earlier, there exists an uneven distribution of short and long isostichs between the strands. The L strand is relatively richer in monoand dinucleotides as seen in the component ratio of H/L, which was lower than the pyrimidine ratio of H/L = 1.14 in intact strands. Second, there is a distinctive difference in the relative distribution of cytosine-rich and thymine-rich clusters between the strands. The quantities of the cytosinerich clusters begin to diminish in the L strand in isostich of length 3 (notice the increase in the H/L ratio in components C3p4, C3Tp5, C2T2p5, C5p6, C4Tp6, C3T2p6, etc.). On the other hand, thymine-rich clusters are first distributed equally between the strands (i.e., CT3p5, T4p5, CT4p6, T5p6, and T6p7) and diminish in the L strand only in the longer isostichs.
From isostich 7 to 11 there is a uniform reduction in the L strand of both cytosine-rich and thymine-rich clusters. The uneven distribution between cytosine and thymine in isostichs of increasing chain length has been observed repeatedly in previous studies with native microbial DNA preparations (6) . The present study adds a new feature to this disparity on the strand level, namely, that in the L strand there occurs a drastic reduction in the number of cytosine-rich clusters as compared to a gradual reduction in the number of thyminerich clusters.
The distribution of homo-oligomer sequences of cytidylate and thymidylate between the complementary strands is of special interest since they may have some functional significance. Table 2 shows that the relative scarcity of oligocytidylate clusters occurs in both strands of B. subtilis DNA. We did not detect cytidylate sequences longer than 5 in the various hydrolysates examined. Longer, naturally occurring cytosine oligonucleotides of chain length 6 and 7 have been reported in the DNA of bacteriophages T7 and lambda, respectively (21, 22) . In contrast, an unusually high number of thymine oligonucleotides of all chain lengths was found in B. subtilis DNA. As shown in Table 2 , TIp2, T2p3, and T3p4 are preferentially distributed in the L strand; T4p5, T5p6, and T6p7 are distributed about equally in both strands; T7p8, T8pg, and Tgplo are distributed predominantly and Tiopil and T11p12 are probably distributed exclusively in the H strand. The amounts of oligothymidylate tracts from chain length 4 and above in both strands exceeded the statistical expectations. The values for the L and H strands represent the mean of four separate analyses, and for native DNA the mean of two separate analyses. The differences from the means are given in the uncorrected totals. The values for the L strand have been adjusted to 46.22 and for the H strand to 52.93 as determined from direct base analysis (1). The pyrimidine ratio of H/L from direct analysis was 1.14. t Fractions lost due to malfunction of fraction collector. Fig. 3 illustrates a comparison between the experimental and the calculated statistical distributions of the homogeneous cytosine and thymine oligonucleotides in the L and H strands of B. subtilis DNA. As shown in Fig. 3 , the distribution of the cytosine oligonucleotides of chain length [1] [2] [3] [4] [5] in both strands closely follows the statistical expectations with the abrupt disappearance of longer clusters. In contrast, the distribution of thymine oligonucleotides in both strands deviates from the calculated statistical distributions. 3  4  8  14  14  22  15  27  12  25  6  11  3  1  2  3  4  5  7  8  14  7  11  5  5  3  2  2  -2  7  7   3   1 marcescens), it is restricted to the unequal distribution of cytosine and guanine between the strands, whereas adenine and thymine are equally distributed (1). The reported pyrimidine oligonucleotide catalogs of strands 1 and r (corresponding to L and H, respectively) of bacteriophages T7 and lambda DNA reveal the same peculiarity, especially in lambda (21, 22) .
The base composition of intact lambda strands (22) resembles the values obtained for the strands of the bacterial host E. coli (1) , and the distribution of pyrimidine oligonucleotides in the strands of lambda DNA consistently shows a greater asymmetry in the number of cytosine-rich clusters (22) . One may conclude that irrespective of the origin and nature of the modifications that brought about the chemical asymmetry between the strands, the principal residues involved must have been cytosine and guanine. The main modifications that a molecule of DNA can undergo to yield certain pyrimidine sequence characteristics has been discussed elsewhere (24) .
There are certain differences between the pyrimidine oligonucleotide catalogs reported here for the L and H strands of B. subtilis DNA and those reported for the strands of T7 and lambda DNAs (21, 22) . The longest isostich observed in the present investigation (and in the strands of E. coli DNA to be reported at a later date) was of chain length n = 11, as compared to n = 12 and 13 found in the r strand of T7 DNA and in both strands of lambda DNA (21, 22) . Recently, a very long pyrimidine oligonucleotide of 20 base residues (CgTi1) was reported in the single-stranded circular DNA of the filamentous bacteriophages fd and fi (25, 26) . On the basis of these few examples from viral and bacterial systems, it appears that the maximal length of a pyrimidine isostich decreases with increasing size and complexity of the DNA.
Analysis of the individual pyrimidine oligonucleotides shows that a dozen components of isostichs 11-13 occur exclusively in strand r of T7 DNA (21) . In the present investigation, 15 components of isostichs 10 and 11 were characterized and quantitated only in the H strand and not in the L strand of B. subtili DNA. This, of course, does not mean that a few of these components do not occur in the L strand as mentioned earlier (see Table 1 ). Whether some of these components have a totally asymmetric distribution and, as a result, some functional significance, cannot yet be decided. Similarly, it is tempting to attribute functional importance to the unusually high number of oligothymidylate sequences of length 7-11 found predominantly in the H strand of B. 8ubtilis DNA. Recently, it has been proposed from x-ray scattering experiments that (A + T)-rich regions may act as specific markers of control and recognition by virtue of their ability to vary the secondary structure on the DNA (27) . The significance of oligothymidylate sequences in bacterial DNA is still obscure, and to date, no oligoadenylate tracts have been reported to occur in the various bacterial RNA species. In conclusion, bacteria, like viruses, exhibit a highly suggestive correlation between the distribution of pyrimidine-rich sequences and the transcribing function of the complementary strands of DNA. The characteristic predominance of long pyrimidine clusters in the H strands suggests that these sequences may serve as a general signal for initiation of transcription, whereas other, as yet unspecified, sequences would allow one recognition site to be distinguished from another. 
